The cosmological relic density of the lightest supersymmetric particle of the minimal supersymmetric standard model is calculated under the assumption of gauge and Yukawa coupling unification. We employ radiative electroweak breaking with universal boundary conditions from gravity-mediated supersymmetry breaking. Coannihilation of the lightest supersymmetric particle, which turns out to be an almost pure bino, with the next-to-lightest supersymmetric particle (the lightest stau) is crucial for reducing its relic density to an acceptable level. Agreement with the mixed or the pure cold (in the presence of a nonzero cosmological constant) dark matter scenarios for large scale structure formation in the universe requires that the lightest stau mass is about 1.5 − 7.5% larger than the bino mass, which can be as low as 223 GeV. The smallest allowed value of the lightest stau mass turns out to be about 233 GeV.
I. INTRODUCTION
It is by now clear [1] that, in a universe with zero cosmological constant, a combination of cold plus hot dark matter is needed for fitting the data on cosmic microwave background (CMB) anisotropies and large scale structure [2] in the universe, especially for essentially flat spectrum of the primordial density fluctuations. The energy density ρ of the universe is taken equal to its critical value ρ c (Ω ≡ ρ/ρ c = 1), as suggested by inflationary cosmology, and assumed to consist solely of matter (Ω m = 1). About 10% of matter is baryonic (Ω B ≈ 0.1), while the rest (dark matter) contains a hot component with density equal to about 20% of the critical density (Ω HDM ≈ 0.2) and a cold one with Ω CDM ≈ 0.7. The present value of the Hubble parameter in units of 100 km sec −1 Mpc −1 is taken to be h ≈ 0.5. Hot dark matter may consist of light neutrinos. This is compatible with the atmospheric [3] and solar neutrino oscillations, within a three neutrino scheme, only if light neutrino masses are almost degenerate. A consistent supersymmetric inflationary model with degenerate light neutrino masses providing the hot dark matter in the universe has been constructed in Ref. [4] . Cold dark matter, in the case of vanishing cosmological constant, must satisfy the relation Ω CDM h 2 ≈ 0.175.
Recent observational developments, however, seem to hint towards an alternative picture for the composition of the energy density of the universe with a nonvanishing contribution from something like a cosmological constant. Measurements [5] of the cluster baryon fraction combined with the low deuterium abundance constraint [6] on the baryon asymmetry of the universe, Ω B h 2 ≈ 0.02, suggest that the matter density is around 35% of the critical density of the universe (Ω m ≈ 0.35). Also, recent observations [7] favor the existence of a cosmological constant, whose contribution to the energy density can be as large as 65% of the critical density (Ω Λ ≈ 0.65), driving the total energy density close to its critical value as required by inflation. The assumption that dark matter contains only a cold component leads then to a 'good' fit [8] of the CMB radiation and both the large scale structure and age of the universe data. Higher values of the Hubble constant (h ≈ 0.65) are, however, required and, thus, Ω CDM ≈ 0.3. Moreover, the possibility of improving this fit by adding light neutrinos as hot dark matter appears [9] to be rather limited. We can, thus, assume hierarchical neutrino masses in this case. A consistent supersymmetric picture leading 'naturally' to hybrid inflation and employing hierarchical neutrino masses has been presented in Ref. [10] . In the presence of a nonvanishing cosmological constant, cold dark matter must satisfy Ω CDM h 2 ≈ 0.125.
Both these cosmological models with zero/nonzero cosmological constant, which provide the best fits to all the available data, are equally plausible alternatives for the composition of the energy density of the universe. Thus, taking into account the observational uncertainties, we will restrict Ω CDM h 2 in the range 0.09 − 0.22.
The lightest supersymmetric particle (LSP) of the minimal supersymmetric standard model (MSSM) is one of the most promising candidates for cold dark matter [11, 12] . This is normally the lightest neutralino and its stability is guaranteed by the presence of a discrete Z 2 matter parity, which implies that supersymmetric particles can disappear only by annihilating in pairs. The cosmological relic density of the lightest neutralino can be reliably computed, for various values of the parameters of MSSM, under the assumptions of gauge coupling unification and radiative electroweak breaking with universal boundary conditions from gravity-mediated supersymmetry breaking (see e.g., Refs. [13] [14] [15] ).
Coannihilation [16] of the LSP with the next-to-lightest supersymmetric particle (NLSP) turns out to be crucial in many cases [13, 14] .
The purpose of this paper is to estimate the lightest neutralino relic density in a specific MSSM framework [17] of the above variety, where the three Yukawa couplings of the third family of quarks and leptons unify 'asymptotically' (i.e., at the grand unified theory (GUT) scale M GU T ∼ 10 16 GeV). This can arise by embedding MSSM in a supersymmetric GUT based on a gauge group such as SO(10) or E 6 , where all the particles of one family belong to a single representation. It is then obvious that requiring the masses of the third family fermions to arise primarily from their unique Yukawa coupling to a single superfield representation predominantly containing the electroweak higgses guarantees the desired Yukawa coupling unification. This scheme predicts large tan β ≈ m t /m b , as well as the successful 'asymptotic' mass relation m τ = m b . The supersymmetric particle spectrum, top quark mass and higgs scalar masses in this model have been studied in Refs. [18] [19] [20] . The top quark mass is 'naturally' restricted to large values compatible with the present experimental data and the supersymmetric particle masses are predicted relatively large. The lightest neutralino is an almost pure bino, whereas the NLSP is the lightest stau mass eigenstate.
Coannihilation of the bino with the NLSP turns out to be of crucial importance for keeping the bino relic density at an acceptably low level. This implies that the lightest stau must not be much heavier than the bino so that coannihilation can be effective.
Moreover, increasing the lightest stau to bino mass ratio leads to a larger bino mass which further enhances its relic density. Lightest stau masses of about 1.5−7.5% larger than the bino mass are required for obtaining Ω CDM h 2 in the range 0.09−0.22. It is interesting to note that, for smaller 'relative' mass gaps between the lightest stau and the bino, Ω CDM h 2 rapidly decreases and becomes unacceptably small. The values of this mass gap which we find here combined with the fact that the bino mass turns out to be greater than about 223 GeV make the lightest stau a phenomenologically interesting charged sparticle with mass which can be as low as ≈ 233 GeV. Our analysis provides quite strong restrictions on the sparticle spectrum of MSSM with Yukawa coupling unification.
In Sec.II, the MSSM with Yukawa coupling unification is introduced and its parameters and sparticle spectrum are constrained. In Sec.III, the relic LSP (lightest neutralino) density is calculated by taking into account its coannihilation with the NLSP (lightest stau). In particular, the bino annihilation cross section is estimated in Sec.III A, whereas Sec.III B is devoted to the evaluation of the relevant coannihilation cross sections. Our results on Ω LSP h 2 are presented and their consequences are discussed in Sec.III C. Finally, our conclusions are summarized in Sec.IV.
II. MSSM WITH YUKAWA UNIFICATION
We consider the MSSM embedded in some general supersymmetric GUT based on a gauge group such as SO(10) or E 6 (where all the particles of one family belong to a single representation) with the additional requirement that the top, bottom and tau Yukawa couplings unify [17] at the GUT scale M GU T . This requirement is easily guaranteed by ensuring that the masses of the third family fermions arise primarily from their unique Yukawa coupling to a single superfield representation which predominantly contains the electroweak higgses. We further assume that the GUT gauge symmetry breaking occurs in one step. Ignoring the Yukawa couplings of the first and second generation, the effective superpotential below M GU T is
where Q 3 = (t, b) and L 3 = (ν τ , τ ) are the quark and lepton SU(2) L doublet left handed superfields of the third generation and t c , b c and τ c the corresponding SU(2) L singlets.
H 1 , H 2 are the electroweak higgs superfields. The gravity-mediated soft supersymmetry breaking terms in the scalar potential are given by
where the φ a 's are the (complex) scalar fields and tildes denote superpartners. The gaugino mass terms in the Lagrangian are
whereB,W r andg a are the bino, winos and gluinos respectively. 'Asymptotic' Yukawa coupling unification implies
Based on N = 1 supergravity, we take universal soft supersymmetry breaking terms at M GU T , i.e., a common mass for the scalar fields m 0 , a common trilinear scalar coupling A 0 and B 0 = A 0 − m 0 . Also, a common gaugino mass M 1/2 is assumed at M GU T .
Our effective theory below M GU T depends on the parameters (µ 0 = µ(M GU T ))
The quantities α G = g 2 G /4π (g G being the GUT gauge coupling constant) and M GU T are evaluated consistently with the experimental values of α em , α s and sin 2 θ W at m Z . We integrate numerically the renormalization group equations (RGEs) for the MSSM at two loops in the gauge and Yukawa couplings from M GU T down to a common supersymmetry threshold M S ∼ 1 TeV. From this energy to m Z , the RGEs of the nonsupersymmetric standard model are used. The set of RGEs needed for our computation can be found in many references (see, for example, Ref. [21] ). We take α s (m Z ) = 0.12 ± 0.001 which, as it turns out, leads to gauge coupling unification at M GU T with an accuracy better than 0.1%. This allows us to assume an exact unification once the appropriate supersymmetric particle thresholds are taken into account. Our integration procedure relies on iterative runs of the RGEs from M GU T to low energies and back, for every set of values of the input parameters, until agreement with the experimental data is achieved. The value of tan β at M S is estimated using the experimental input m τ (m τ ) = 1.777 GeV and M S is fixed to be 1 TeV throughout our calculation. Assuming radiative electroweak symmetry breaking, we can express the values of the parameters µ (up to its sign) and B at M S in terms of the other input parameters by means of the appropriate conditions
where m H 1 , m H 2 are the soft supersymmetry breaking scalar higgs masses. Here we used the tree-level renormalization group (RG) improved scalar potential. It is not necessary to take the full one-loop effective potential since a reasonable estimate is obtained [22] when the tree-level RG improved potential is minimized, as in our case, at a scale comparable to the mass of the stop quark. The sign of µ is taken to be positive, which leads to acceptable predictions for b → sγ in models with large tan β [23] .
The common value of the third generation Yukawa coupling at M GU T is found by fixing the top quark mass at the center of its experimental range, m t (m t ) = 166 GeV.
The value obtained for m b (m Z ) after including supersymmetric corrections is somewhat higher than the experimental limit. (This may favor nonuniversal boundary conditions.)
We are left with m 0 , M 1/2 and A 0 as free input parameters. Our results, as it turns out, depend very little on the exact value of A 0 which is, thus, fixed to zero in our calculation.
The values of m 0 and M 1/2 are found as functions of the tree-level mass m A of the CP-odd higgs scalar A, for each 'relative' mass splitting between the NLSP (lightest stau) and
the LSP (almost a pure bino), as we will explain later. The value of m A is evaluate at M S which is comparable with √ mtmtc and, thus, for large tan β, the loop corrections are small compared to the tree-level value of m A [24] .
The LPS is the lightest neutralinoχ. The mass matrix for the four neutralinos is to large off-diagonal mixings in the sbottom and stau mass-squared matrices. These effects make the physical mass of the lightest stau significantly lower than the masses of the other squarks and sleptons (see below). The NLSP is, thus, the lightest stau mass eigenstateτ 2 and its mass is obtained by diagonalizing the stau mass-squared matrix
in the gauge basis (τ L ,τ R ). Here, mτ L(R) is the soft supersymmetry breaking mass of τ L(R) and m τ the tau lepton mass. The stau mass eigenstates are The authors of Ref. [20] found that, for every value of m A and a fixed value of m t (m t ),
there is a pair of minimal values of m 0 and M 1/2 where the masses of the LSP andτ 2 are equal. This is understood from the dependence of m A on m 0 and M 1/2 given in Ref. [19] :
where all the coefficients are positive and α and β, which depend only on m t (m t ), are ∼ 0.1 (the constant turns out to be numerically close to m 2 Z ). Equating the masses of the LSP andτ 2 is equivalent to relating m 0 and M 1/2 . Then, for every m A , a pair of values of m 0 and M 1/2 is determined. Note that Eq.(9) implies the existence of an upper bound on m A since m 2 A < αM 2 1/2 . We set here an upper limit on M 1/2 equal to 800 GeV, which keeps the sparticle masses below about 2 TeV consistently with our choice for M S (=1 TeV). This limit constrains m A to be smaller than ≈ 220 GeV. On the other hand, the experimental searches for the lightest CP-even neutral higgs boson h with mass m h set a lower limit on m A . Taking into account radiative corrections [26, 27] in calculating m h , we found that this lower limit on m A is about 95 GeV. The highest values of m h , which are obtained as m A increases to its upper limit, lie between 125 and 130 GeV.
Following the procedure of Ref. [20] , one can determine m 0 and M 1/2 not only for equal masses of the LSP and NLSP but for any relation between these masses. We fix m t (m t ) = 166 GeV (tan β ≈ 52.9). For every m A and a given 'relative' mass splitting ∆τ 2 = (mτ 2 − mχ)/mχ between the NLSP and LSP, we find m 0 and M 1/2 . They are depicted in Fig.1 as functions of m A for ∆τ 2 =0.015 and 0.075 (see Sec.III C). We observe that, for fixed m A , M 1/2 increases with ∆τ 2 . Thus, m 0 and the sparticle masses increase too with ∆τ 2 (see Eq. (9)). Also, for fixed M 1/2 , m A is a decreasing function of ∆τ 2 .
As a consequence, the upper bound on m A (corresponding to M 1/2 = 800 GeV) gets reduced as ∆τ 2 increases. This is why the curves in Fig.1 which correspond to higher ∆τ 2 's terminate at smaller m A 's. As we will see, the cosmological bounds on Ω LSP h 2 will constrain ∆τ 2 . The relevant part of the sparticle spectrum as a function of m A , for ∆τ 2 =0.045, is shown in Fig.2 . The LSP mass, for ∆τ 2 =0.015, is also included.
III. LSP RELIC DENSITY
We now turn to the calculation of the cosmological relic density of the lightest neutralinoχ (almost pureB) in MSSM with Yukawa coupling unification. As already mentioned in Sec.I, Ωχ h 2 increases to unacceptably high values as mχ becomes larger. Low values of mχ are obtained when the NLSP (τ 2 ) is almost degenerate withχ. Under these circumstances, coannihilation ofχ withτ 2 andτ * 2 turns out to be of crucial importance reducing further theχ relic density by a significant amount. The important role of coannihilation of the LSP with sparticles carrying masses close to its mass in the calculation of the LSP relic density has been pointed out by many authors (see e.g., Refs. [13, 14, 16] ).
Here, we will use the method described by Griest and Seckel [16] .
The relevant quantity, in our case, is the total number density
since theτ 2 's andτ * 2 's decay intoχ 's after freeze-out. At cosmic temperatures relevant for freeze-out, the scattering rates of these (nonrelativistic) sparticles off particles in the thermal bath are much faster than their annihilation rates since the (relativistic) particles in the bath are considerably more abundant. Consequently, the number densities n i (i =χ,τ 2 ,τ * 2 ) are proportional to their equilibrium values n eq i to a good approximation, i.e., n i /n ≈ n eq i /n eq ≡ r i . The Boltzmann equation (see e.g., Ref. [28] ) is then written as
where H is the Hubble parameter, v is the 'relative velocity' of the annihilating particles, · · · denotes thermal averaging and σ ef f is the effective cross section defined by
with σ ij being the total cross section for particle i to annihilate with particle j averaged over initial spin and particle-antiparticle states. In our case, σ ef f takes the form
For r i , we use the nonrelativistic approximation
where
Here g i = 2, 1, 1 (i =χ,τ 2 ,τ * 2 ) is the number of degrees of freedom of the particle species i with mass m i and x = mχ/T with T being the photon temperature.
In Table I, The relic abundance of the LSP at the present cosmic time can be calculated from the equation [16, 28] Ωχ h 2 ≈ 1.07 × 10 9 GeV −1
Here M P = 1.22 × 10 19 GeV is the Planck scale, g * ≈ 81 is the effective number of massless degrees of freedom at freeze-out [28] and x F = mχ/T F , with T F being the freeze-out photon temperature calculated by solving iteratively the equation [28, 29] x
The constant c is chosen to be equal to 1/2 [29] . The freeze-out temperatures which we obtain here are of the order of mχ/25 and, thus, our nonrelativistic approximation (see Eq. (14)) is justified. Under these circumstances, the quantities σ ij v are well approximated by their Taylor expansion up to second order in the 'relative velocity',
The thermally averaged cross sections are then easily calculated
Using Eqs. (12), (13) , (17) and (20), one obtainŝ
where we sum over (ij) = (χχ), (χτ 2 ) and (τ 2τ = bτ 2τ2 + bτ 2τ * 2 and α (ij) , β (ij) given by
Here c (ij) = 1, 4, 2 for (ij) = (χχ), (χτ 2 ) and (τ 2τ ( * )
2 ). For ∆τ 2 = 0, α (ij) = 1/4, 1/2, 1/8 ((ij) = (χχ), (χτ 2 ), (τ 2τ ( * ) 2 )), while β (ij) = 3α (ij) /x F .
A. Annihilation cross section
The fact that the LSP (χ) is an almost pureB implies that the main contribution to its annihilation cross section arises from sfermion (squark, slepton) exchange in the tand u-channel leading to ff final states (f is a quark or lepton). The s-channel diagrams are suppressed since the values of mχ obtained here are always far from m Z /2 and m h /2 (see e.g., Ref. [13] ). Moreover, diagrams with quarks in the final state are suppressed relative to the ones with leptons because of the heavier masses of the exchanged squarks and the smaller quark hypercharges. As mentioned in Sec.II, under the assumption of unification of the third family Yukawa couplings, mτ 2 is smaller than the masses of the other sleptons, hence the production of ττ is enhanced relative to the production of lighter leptons.
Using the partial wave expansion of Ref. [13] and neglecting the masses of the final state leptons, we evaluate the coefficients aχχ and bχχ in Eq. (19) . They are found to be
where Y L(R) = 1/2(1) is the hypercharge of τ L(R) , Σ 1,2 = m 2 χ + m 2 τ 1,2 and Σ e = m 2 χ + m 2 e R with mẽ R being the common (see below) mass of the right handed sleptonsẽ R ,μ R of the two lighter families. Some comments are now in order:
i. The presence of a nonvanishing coefficient aχχ is due to the large values of tan β which lead to an enhancement of the off-diagonal terms in the stau mass-squared matrix in Eq. (7) . Indeed, this coefficient is negligible in the case of smallτ L −τ R mixing (i.e., for low tan β) where theτ 2 essentially coincides withτ R . This is due to the fact that the s-wave contribution, which is the only contribution to aχχ , is suppressed by factors of the final state fermion mass as one can show by employing Fermi statistics arguments [11] . For large tan β, however, this suppression is not complete and aχχ is proportional to sin 2 θ. Despite the fact that aχχ is smaller than bχχ , its contribution toσ ef f in Eq. (21) is of the same order of magnitude as the one of bχχ which enters in this equation divided by a relative factor < ∼ x F /3 ∼ 8 − 9.
ii. The main contribution to bχχ arises from the first term in the bracket in the right hand side of Eq.(24). The second term in this bracket is due toτ L −τ R mixing.
iii. The last term in the right hand side of Eq. iv. The contribution to bχχ of the diagram with aτ 1 exchange is small and, although taken into account in the computation, is not displayed in Eq. (24) . We find that this contribution is suppressed by about 1/6 − 1/8 compared to the contribution of each of the lightest generations. This can be understood by the following observation.
Despite the fact that the values of the mass in the propagator of this diagram, mτ 1 , are not much higher than mẽ R , its main contribution contains a factor c 4 θ Y 4 L .
B. Coannihilation Cross Sections
The contributions of the various coannihilation processes listed in Table I 
Here hat (or bar) over a quantity indicates that this quantity is measured in units of mτ 2 (or mχ + mτ 2 ) and the g 's will be defined shortly. Also, L τ = 1 − 2s 2 W , R τ = −2s 2 W and
The contribution of the processχτ 2 → τ H (or τ A) to the coefficient aχτ 2 is obtained from the expression forχτ 2 → τ h in Table II by replacing h by H (or A and cos 2θ by 1). For the contribution to aτ 2τ * 2 of each of the five processes with two higgses in the final state (see Table I ), a general formula can be given:
where the H p , H q stand for h, H, A, H + , H − , the factor 1/2 enters only for identical particles in the final state and λ h , λ H , λ 1 , λ 2 , λ c correspond to the diagrams s(h), s(H), t(τ 1,2 ) (or u(τ 1,2 )), c in Table I and are shown in the Table III . 
The g 's in Tables II and III correspond to various vertices with the particles entering indicated as subscripts. The simplest ones are (for Feynman rules, see e.g., Ref. [25] )
where g Z = g/2c W with g being the SU(2) L gauge coupling constant. Note that g A ≡ gτ 2τ2 A = 0. The more complicated g 's are arranged in the Table IV . 
We do not show explicitly the contributions to aτ 2τ * 2 of the processes with bb and ττ in the final state since they are very small. They are, however, taken into account in the computation. Note that the contributions to aτ 2τ * 2 of the processes with uū, dd and eē in the final state vanish (these processes contribute only to b 's). Also, the coefficients b ij (ij =χχ), although included in the calculation, are not displayed since their contribution toσ ef f is, in general, negligible. Some comments are now in order:
i. All five processes for the coannihilation ofχ withτ 2 which are listed in Table I give more or less comparable contributions to the coefficient aχτ 2 . The relative contribution of bχτ 2 toσ (χτ 2 ) in Eq.(21) turns out to be essentially independent of the value of m A (95 GeV≤ m A ≤ 220 GeV). This contribution varies from about 4.5% to about 7.5% as ∆τ 2 increases from 0 to 0.1 (this is the relevant range of ∆τ 2 for our computation as we will soon see).
ii. The major contributions to aτ 2τ ( * ) 2 come from the processesτ 2τ * 2 → hh, tt and τ 2τ2 → τ τ . However, many of the other relevant processes in Table I ( iii. For ∆τ 2 = 0, the contribution of theχ annihilation toσ ef f is very small (≈ 0.4%).
The corresponding contributions ofσ (χτ 2 ) andσ (τ 2τ ( * ) 2 ) span the ranges 31−26% and 69 − 74% respectively as m A varies from 95 to 220 GeV. For ∆τ 2 = 0.1, however, the annihilation ofχ 's becomes very significant accounting for about 34 − 31% of σ ef f . The most important contribution (≈ 59% ofσ ef f ), in this case, comes from the coannihilation ofχ withτ 2 , whereasτ 2 coannihilation withτ 2 orτ * 2 accounts for about 7 − 10% ofσ ef f . We see that, althoughχ annihilation is negligible for small ∆τ 2 's, it is strongly enhanced at higher values of ∆τ 2 . This is due to the fact that the abundance ofτ 2 's decreases relative to the one ofχ 's as ∆τ 2 increases.
iv. For ∆τ 2 = 0, the contributions of bχτ 2 and bτ Fig.3 as function of m A for ∆τ 2 =0, 0.015, 0.045 and 0.075. Remember that the curves on this plot, which correspond to specific values of ∆τ 2 , terminate at the appropriate upper limit on m A (derived from the restriction M 1/2 ≤ 800 GeV). This limit decreases as ∆τ 2 increases.
Requiring Ωχ h 2 to be confined in the cosmologically allowed range 0.09 − 0.22, one finds that ∆τ 2 is restricted between ≈ 0.015 and 0.075. Note that the upper limit on ∆τ 2 does not depend on our restriction on M 1/2 . On the contrary, the lower limit on ∆τ 2 is somewhat dependent on the particular choice one makes for this restriction. This deserves further study which would require going beyond the simplifying assumption of a common supersymmetry threshold M S . It should be pointed out that this lower bound on ∆τ 2 is anyway evaded if there exist additional contributions to the cold dark matter of the universe from particle species other thanχ. Fig.4 shows the cosmologically allowed region in the m A −∆τ 2 plane which is obtained from the above considerations. We see that m A can vary only between about 95 and 217
GeV. The lower (upper) boundary of this region corresponds to Ωχ h 2 = 0.09 (0.22).
The left boundary corresponds to M 1/2 = 800 GeV (0.09 ≤ Ωχ h 2 ≤ 0.22). Along this line, mχ is essentially constant and acquires its maximal allowed value ≈ 354 GeV (see Fig.2 ). The minimal value of the LSP mass is obtained at the lower left corner of this allowed region, where ∆τ 2 ≈ 0.045, and is equal to about 223 GeV (see Fig.2 ). We, thus, see that the LSP mass ranges between ≈ 223 and 354 GeV. Theτ 2 mass is bounded between about 233 and 370 GeV which makesτ 2 a phenomenologically interesting charged sparticle. The upper (lower) bound corresponds to the upper right (lower left) corner of the region in Fig.4 . Actually, the whole sparticle mass spectrum is strongly restricted by our considerations. We should, however, note that the upper bounds on the sparticle masses depend on our choice for the maximal allowed M 1/2 . This point requires a more detailed study with proper inclusion of all the supersymmetry threshold effects.
The relative contributionsσ (ij) /σ ef f ((ij) = (χχ), (χτ 2 ), (τ 2τ ( * )
2 )) of the three inclusive (co)annihilation reactions toσ ef f are given in Fig.5 as functions of m A for the 'central' value of ∆τ 2 = 0.045. The allowed range of m A is 95 − 211 GeV in this case.
IV. CONCLUSIONS
We considered the MSSM with gauge and Yukawa coupling unification employing radiative electroweak symmetry breaking with universal boundary conditions from gravitymediated supersymmetry breaking. We calculated the relic density of the LSP which turns out to be an almost pure bino. Coannihilation of the LSP with the NLSP (the lightest stau) is crucial for reducing its relic density to an acceptable level. Compatibility with the mixed or the pure cold (with a nonzero cosmological constant) dark matter scenarios for structure formation in the universe requires that the lightest stau mass is about 1.5 − 7.5% larger than the bino mass. This combined with the fact that the LSP mass is restricted to be greater than about 223 GeV makes the lightest stau a phenomenologically interesting charged sparticle with mass which can be as low as 233 GeV. 
